Background and objective: Although the multi-ethnic European Respiratory Society/Global Lung Initiative (ERS/GLI) 2012 reference values have been developed, the Taskforce has called for further validation specifically on subpopulations that were under represented such as the Malays, Chinese and Indians, in which the two latter ethnic groups represent about one-third of the world population. Thus, the aims of this study were to evaluate the appropriateness of the ERS/GLI 2012 reference values in a healthy adult Malaysian population and to construct a local lung function reference for the Malaysia population specific to the three major ethnic groups. Methods: Acceptable spirometry data were obtained from 30 281 healthy subjects aged 35-70 years comprising Malays, Chinese and Indians from the Malaysian Cohort. Local reference values were calculated using regression analysis and evaluated using ERS/GLI reference values to obtain GLI Z-scores. Results: The mean (SD) of the forced expiratory volume in 1 s (FEV 1 ) for males were 2.67 (0.46), 2.89 (0.48) and 2.60 (0.46) and females were 1.91 (0.36), 2.13 (0.37) and 1.86 (0.35) for Malays, Chinese and Indians, respectively. For forced vital capacity (FVC), the mean (SD) for males were 3.03 (0.53), 3.28 (0.58) and 2.92 (0.53) and females were 2.15 (0.40), 2.38 (0.43) and 2.07 (0.41) for Malays, Chinese and Indians, respectively. The mean GLI Z-scores were less than −0.5 for FEV 1 and FVC and more than 0.5 for FEV 1 /FVC. A large percentage of subjects in all the three ethnic groups were defined lower than the lower limit of normal. Conclusion: This present and large multi-ethnic Asianbased study demonstrates clinically significant deviation from ERS/GLI 2012 equations for spirometry. It highlights the importance of validating predicted equations for spirometry in local populations.
INTRODUCTION
Many studies have published lung function reference values for multi-ethnic groups and for different age groups. [1] [2] [3] [4] Despite recent progress, there remains a lack of appropriate equations for ethnic groups compared to European descent in which studies have been more frequently reported. 5 There have been very few publications from the Asian population and most of the ethnicspecific equations were based on small numbers, which were unlikely to be either representative or generalizable to the Asian population. 6, 7 Malaysia is a unique country that provides an opportunity to study three major ethnic groups including the Malays, Chinese and Indians. The Malays represent the most widely distributed ethnicities in the Malay Archipelago including Indonesia, Borneo, Singapore and the Philippines. Meanwhile, an estimated 35% of the world population are either Chinese or Indians in terms of ethnic origin and therefore, spirometric data on these ethnic groups are valuable 8 . The European Respiratory Society/Global Lung Function Initiative (ERS/GLI) 2012 published the reference values applicable for multi-ethnic population and across the ages between 3 and 95 years. 9 These global all-age reference equations endorsed by many international respiratory societies are now implemented by manufacturers of spirometric devices. The ERS/GLI 2012 equations provide age, height, gender and ethnic specific reference equations including the lower limit of normal (LLN) and a novel statistical technique for spirometry recommended by both the American Thoracic Society (ATS) and ERS. 9, 10 Although the ERS/GLI 2012 reference equations constitute a huge step forward in providing the most robust reference standard to date based on a large population sample of high-quality data from five continents, the authors concluded in their study that the accuracy of predicted values for pulmonary function depends on the selected reference data set which should be validated in different subpopulations. 9 In fact, they recommended an update to their ERS/GLI 2012 equations that should include more data of nonCaucasian origin.
The ERS/GLI 2012 reference values have been evaluated in several populations and has appeared to be appropriate for Australasian aged 4-80 years, 11 all ages Norwegian, 12 schoolchildren in sub-Saharan Africa, 13 German elderly women, 14 Polish children 15 and British children 16 but not for Tunisian adults, 17 white Brazilian adults 18 and Swedish adults. 19 Although the ERS/GLI 2012 reference equations were also based on data from a Southeast Asian subpopulation (n = 8255) represented by countries, such as Thailand, Taiwan and China, no study has independently evaluated the agreement between the ERS/GLI 2012 equations in an Asian population. Thus, it is crucial to have validated lung function reference values to avoid misdiagnosis (both over-and under-diagnosis). 20 Previous studies showed that lung function volumes in Asians and Africans are considerably lower than in Caucasians. 6, 7, 13 The observed differences between reference equations may be explained by differences in population characteristics, although the study design used for each study population may also explain some of the variation. 21, 22 As the definition of obstructive and restrictive airway diseases relies heavily on spirometry, it is important that lung function equations used for pulmonary function are validated in the local setting.
This study was to determine whether the ERS/GLI 2012 equations reflect the contemporary Malaysian spirometry in three healthy ethnic groups: the Malays, Chinese and Indians. Our study has two aims: (i) to evaluate the relevance of ERS/GLI 2012 reference values in healthy Malaysian adult population and (ii) to construct local lung function references for multiethnic Malaysian population.
METHODS

Study population
This cross-sectional study was performed as part of the Malaysian Cohort Project (TMC), a prospective population-based cohort comprising 106 527 volunteers aged between 35 and 70 years 23 Subjects with cardio-respiratory symptoms and/or diagnosed with acute or past respiratory diseases (chronic bronchitis, COPD and pulmonary tuberculosis and asthma), cardiac diseases (stroke and myocardial infarction), hypertension, diabetes (both old and new cases diagnosed in our study) and history of ever and/or current cigarettes smoking were excluded. All diseases were based on self-reporting except for diabetes and hypertension, which comprise both selfreporting and measurements. Only participants that had acceptable range of spirometry based on GLI-2012 Desktop Software for Large Datasets-Instructions were included. 24 
Spirometry
The TMC project is equipped with 18 computerized pneumotach graphs (Schiller Spirovit SP-260 with reusable sensor run by SDS-104 software, SCHILLER Americas Inc., Doral, FL) that met the ATS/ERS criteria 25 and operated by certified and Schiller trained technicians. The volume signal of the equipment was calibrated at least once daily with a 2-L syringe (pumped three times = 6 L). Tests were performed in a sitting position with nose-clips after a verbal instruction by the technician. Participants were assisted by technicians who performed immediate on-screen evaluation of the major acceptability criteria (including start, duration and end of test) in addition to the automated review performed by the computer software. Subjects were asked to perform at least three manoeuvres to obtain repeatable results in which the best forced vital capacity (FVC) and forced expiratory volume in 1 s (FEV 1 ) were selected.
Statistical analysis Validation of ERS/GLI 2012 equation
The ERS/GLI 2012 equation (Code 5 for other/mixed) was applied to spirometric measurements using the stand-alone software from www.lungfunction.org. Predicted values with LLN and upper limit of normal (ULN) and Z-scores for FEV 1 , FVC and FEV 1 /FVC ratio were calculated for each subject using the GLI prediction reference population. The perfect agreement between the observed value in the contemporary Malaysian subject and the ERS/GLI 2012 reference value should give the mean Z-score of zero and the value of one for SD. According to a consensus established by the ERS/GLI scientific advisory panel (www.lungfunction.org), a Z-score of more than 0.5 or less than −0.5 was arbitrarily considered to be clinically significant. LLN was defined as the lower fifth percentile in the distribution from which the ERS/GLI 2012 reference values are derived. If the agreement is perfect, the 90% limits of normality are expected to include 90% of the observations, defined as values established by the GLI Z-scores within the range from −1.645 to +1.645.
Associations between Z-score and age, height and gender by ethnic groups were assessed using multiple linear regressions to identify the appropriateness of the ERS/GLI 2012 equation in our population. Any evidence of association would negate the relevance of this equation.
TMC lung function equation construction
Local lung function equations were constructed using stepwise (both forward and backward) multiple linear regression analyses for FEV 1 
RESULTS
A total of 106 527 subjects and spirometric data were available for the analysis however a total of 30 281 healthy subjects were included after the exclusion criteria were applied (Fig. 1) . Three major races comprising 11 876 Malays, 13 619 Chinese and 4786 Indians were included in the final analyses with the demographics shown in Table 1 . Male participants were significantly older than their female counterparts regardless of their ethnic group. The mean (SD) FEV 1 for males were 2.67 (0.46), 2.89 (0.48) and 2.60 (0.46) for Malays, Chinese and Indians, respectively, whilst the mean (SD) for their females counterparts were 1.91 (0.36), 2.13 (0.37) and 1.86 (0.35), respectively. Meanwhile, the mean (SD) for FVC were 3.03 (0.53), 3.28 (0.58) and 2.92 (0.53) for Malays, Chinese and Indian males, respectively. For their female counterparts, the mean (SD) were 2.15 (0.40), 2.38 (0.43) and 2.07 (0.41), respectively. The BMI was significantly higher amongst females compared to males in Malays and Indians, but an opposite observation was seen in the Chinese. A larger percentage of the contemporary Malaysian population were recruited from urban areas especially for the Chinese subjects. The operational definition of location of participants including urban or rural sampling was described in our previous study. 23 The mean GLI Z-scores for FEV 1 , FVC and FEV 1 /FVC measured using the ERS/GLI 2012 equation in the males were −1.56, −2.14, 1.41 for the Malays, −1.35, −1.13, 1.18 for the Chinese and −0.1.95, −2.58, 1.64 for the Indians, respectively ( Table 2) . For the females, the mean GLI Z-scores for FEV 1 , FVC and FEV 1 /FVC were −0.1.81, −2.36, 1.32 for Malays, −1.18, −1.01, 1.14 for the Chinese and −2.18, −2.79, 1.51 for the Indians, respectively. The mean GLI-Z scores for FEV 1 , FVC and FEV 1 /FVC were generally increased with age for males across the three ethnic groups but this was not observed in their female counterparts (Fig. 2 ). There were significant differences in mean of ZFEV 1 (P = 0.02), ZFVC (P < 0.001) and ZFEV 1 /FVC (P < 0.001) between the three groups (Fig. 2) . The FEV 1 capacity was highest in the Malays, intermediate in the Chinese and lowest in the Indians. For FVC capacity, the Chinese showed the highest volume followed by the Malays and the Indians. As for FVC/FEV 1 , the Indians indicated the highest value, followed by the Malays and the Chinese.
The GLI Z-scores for FEV 1 and FVC were below zero (and less than −0.5) across all ages and ethnic groups indicating the disagreement between the observed values in three Malaysian subpopulations and the GLI reference values (Table S1 in Supplementary Information). The pattern was the opposite for FEV 1 /FVC ratio, where the GLI-Z scores were above zero (and more than 0.5) across all ages and ethnic groups. A large percentage of subjects in all the three ethnic groups were defined lower than the LLN ranges particularly for the Indian group in which 65.7 and 75.2% were defined lower than the LLN for males and females respectively for FEV 1 . For FVC, 87.8 and 91% were defined lower than the LLN for males and females, respectively (P < 0.001).
When GLI-Z scores for FEV 1 , FVC and FEV 1 /FVC were analysed in relation to age, height and gender, there were small albeit significant associations between GLI-Z scores for most of the lung parameters with age and gender across all ethnic groups ( Table 3 ). The beta-coefficient for FEV 1 and FVC with age was 0.006 (R 2 0.18, P < 0.001) and 0.008 (R 2 0.3, P < 0.001), respectively, in the Malay ethnic group. The strongest association was observed between FEV 1 and age, and FVC and gender amongst the Indians (beta-coefficient 0.01, R 2 1.00, P < 0.001 and beta-coefficient − 0.20, R 2 0.84, P < 0.001). For height, statistically strong association were observed in FVC (R 
DISCUSSION
This study revealed large differences and wide confidence limits between the ERS/GLI 2012 and the observed values of the contemporary Malaysian population and subpopulations. Across different ethnic groups and age, the mean GLI-Z scores were more than 0.5 or less than 0.5, which is arbitrarily considered to be clinically significant according to a consensus established by the GLI scientific advisory panel. In fact, the majority of the mean GLI-Z scores for all the lung parameters are observed to be more than 1.0 or less than 1.0. Furthermore, the observed variability (SD of the GLI-Z-score) was not too far from one, indicating a narrow variability due to the standardized instruments, laboratory standards and quality criteria performed as part of the study design. This is in comparison with the Tunisian population study reported that the observed variability of all the outcomes was far from one, indicating a worse overall fit. 17 Although it is difficult to elucidate the reasons for such disparity between the contemporary Malaysian and the ERS/GLI 2012 population, contributing factors might include different methodological and study design in addition to selection of subjects, in which this study has advantageously addressed by standardizing and centralizing the study execution under the TMC. Sociological and genealogical influences in addition to different rates of parenchyma lung development might also be different in other countries involved in the ERS/GLI 2012. For the same anthropomorphic dimension, ethnic factors may biologically impact different growth and deterioration of lung volumes with age and height proceeding at different rates. Indeed, as one of Asia's most obese nations, local differences in body proportion, body fat distribution, chest wall anatomy and mechanics may Table 2 The mean GLI Z-scores and number of subjects with values below and above the lower (Z < −1.6445) and upper (Z > −1.6445) normal limit of normal for FEV 1 , FVC and the FEV 1 /FVC ratio by gender and ethnic groups influence the spirometric fingerprint for the Malaysian population. 26 The ERS/GLI 2012 Z-scores derived from the equations should be free from association due to age, height, gender and ethnic group and are therefore particularly useful to define the LLN. 9 Our study revealed weak but significant associations between the Z-scores and age, gender and height. However, there were no specific patterns to these associations, which may render them as physiologically unimportant. Similar observations have been reported in other studies including the Swedish, Australasian and Tunisian population studies. 11, 17, 19 Our hypothesis includes increased variability of spirometric parameters with lung mechanics associated with age and height, in addition to the difference in body fat distribution which has been shown to be higher and more central in Asians. 26 Previous studies have shown that there were ethnicbased disparities in lung functions that concur with our findings in which Indians were reported to have smaller lung volumes whilst the Chinese had the highest lung volumes and the differences between predicted lung parameters changed over time. 7 Interestingly, compared to other ethnic groups, such as the Caucasians and East Asians, the ERS/GLI 2012 study reported that the Indian Asians born and raised in the USA were found to have higher pulmonary function for age and height than those born and raised in India. 9 The authors hypothesized that the differences observed between the Indian datasets might arise from considerable heterogeneity in socio-economic conditions and comprise a large number of ethnic groups from different racial sub-ethnic groups from South to North. More studies are required to elucidate the impact of country of birth and racial sub-ethnicities, which predominate immigrant patterns on pulmonary function. The current data if incorporated in a new GLI reference data might alter the interpretation of spirometric abnormalities, such as airway obstruction, restrictive pattern and a mixed pattern, which commonly form the basis for diagnostic strategies in clinical respiratory medicine. As interpretation of lung function is still widely dependable on the values expressed as % predicted which leads to age, height, gender and ethnic related bias, the LLN methodology is welcomed albeit more acceptable if the GLI equation is more representative of other different ethnic group such as nonCaucasians.
Our current data provides the largest and contemporary Asian data to date which includes different but globally important ethnic groups. Most of the existing ethnic-specific equations and reference data for adults are based on relatively small and unrepresentative samples whilst our ethnic-specific equations are based on large cohort samples and represent the whole population. 10, 12, 14, 18 The standardized equipment and technical skills to perform the spirometry tests also provided additional advantage in which spirometry was performed using a standardized protocol in controlled settings designed prospectively. Spirometry is an effortdependent technique, and therefore the accuracy and repeatability depends on many factors including the equipment used, coordination and motivation of the subjects, skill of the technician and overall quality control. 5 The strength of our study is the quality control assessment that was performed on a daily basis. One major limitation of this study however is the crosssectional design and the lack of on 'all age range' spirometric data. We also recruited more females due to the exclusion of smokers that were more prevalent in the male participants of the TMC. In addition, lifestyle, geographical and environmental factors were not analysed here.
Global multi-ethnic lung parameter equations applicable to the Malaysian population can be used in the clinical setting as a reference in the spirometer equipment software. Current spirometer equipment is calibrated based on European lung function equation as a reference, which may lead to inaccuracy for Asian countries such as Malaysia. To avoid inappropriate interpretation of results, it is necessary to establish a multi-ethnic reference value that taken into account the diversity observed in a country, such as Malaysia. 5, 22 In conclusion, the equations derived from the TMC spirometric data can be representative for the Malaysian population and other mixed/Asian population, which comprise 'globally' ethnic groups, such as Chinese and Indians, from a large cohort using a standardized protocol as opposed to a pooled data from different study centres. Our recent study also fulfils the current call of the ERS/GLI workforce to add to the contemporary spirometric data lacking in Asia including the Malay ethnic group. This study demonstrates the importance of validating the ERS/GLI 2012 equations in different countries specifically in Asia to enhance the Table 3 The associations between the Z-score and age, height and gender by ethnic groups interpretation of spirometric data as a core service of health care delivery in the respiratory discipline.
